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Abstract: The emergence of structural DNA nanotechnology has 
enabled us to design the self-assembly of nanostructures and 
nanomachines with nanoscale precision. Recently, DNA brick 
strategy has provided a highly modular and scalable approach for the 
construction of complex structures, which can be used as nanoscale 
pegboards for the precise organization of molecules and 
nanoparticles for many applications. Despite the dramatic increase of 
structural complexity provided by DNA brick method, the assembly 
pathways are still poorly understood. Here, we introduce a “seed” 
strand to control the crucial nucleation and assembly pathway in DNA 
brick assembly. Through experimental study and computer simulation, 
we successfully demonstrate that the regulation of the assembly 
pathways via seeded growth can accelerate the assembly kinetics 
and increase the optimal temperature by ~4-7 °C for isothermal 
assembly. By improving our understanding of the assembly pathways, 
we provide new guidelines for the design of programmable pathways 
to improve the self-assembly of DNA nanostructures. 
Introduction 
Structural DNA nanotechnology provides a powerful molecular 
self-assembly technique to construct sophisticated 
nanostructures and nanodevices with great complexity in a 
controllable and programmable manner.[1] The largest and most 
complex DNA nanostructures have typically been made using two 
methods: DNA origami and DNA bricks.[1c, 2] DNA origami, which 
utilizes a long single-stranded scaffold typically derived from a 
viral genome with thousands of nucleotides (nt), produces 
custom-designed one-dimensional (1D), two-dimensional (2D) 
and three-dimensional (3D) objects by annealing the scaffold via 
its hybridization with hundreds of short staple strands.[3] By 
contrast, in the DNA brick strategy, only short building blocks are 
used to provide a scalable and modular method for fabricating 
complex structures of arbitrary shapes in both 2D and 3D.[4] These 
building blocks are short single-stranded DNA molecules, each 
consisting of four binding domains designed to interlock the bricks 
to form the target structures. The DNA brick method provides a 
powerful platform for precise fabrication of functional 
nanomaterials.[5] Nonetheless, further development of this 
technology is hindered by an incomplete understanding of the 
assembly pathways. 
Several recent simulation and experimental studies focusing on 
DNA brick systems provided new insights into the crucial 
nucleation phase and the following growth stage, as well as on 
modifying the nucleation barrier by rationally designing the 
topology of interactions within the target structures.[6] These 
studies have shown that conventional DNA brick assembly was 
initiated by a “random” nucleation process where small nuclei 
consisting of a few DNA bricks located at various positions of the 
target structure (Figure 1a). The formation of these random nuclei 
— structurally similar but different in DNA sequences — is a low-
frequency event in the microscopic regime, which leads to overall 
slow assembly in bulk. Thus, initial nucleation of conventional 
DNA brick assembly is the rate-limiting step in the whole 
assembly process and determined by the highly nonclassical 
nucleation barrier, where finite clusters form before the critical 
cluster size is reached.[7] A subsequent growth phase then 
produces the complete target structure. We believe it is feasible 
to program the nucleation process and thus the subsequent 
assembly pathway to improve the kinetics and thermodynamic 
behaviors of DNA brick assembly, by introducing a DNA “seed” 
strand, based on the previous report of seeded growth for DNA 
tile-based lattices.[8] In this seeded assembly strategy we 
introduce here, a single-stranded DNA comprising several 
hundred bases is included in order to trigger rapid and controlled 
nucleation, leading to subsequent fast growth (Figure 1b). 
Because the seed strands contain multiple binding domains to 
hybridize with several DNA bricks, leading to a more favorable 
interaction energy, nucleation at the seed strand will be much 
more likely due to a reduced height of the nucleation free-energy 
barrier (Figure 1c), and at a given temperature, the rate of 
nucleation at the seed strand will be considerably higher than that 
of the much shorter DNA bricks. Hence, we anticipate that the 
controlled nucleation initiated from the long seed strand will 
dominate the nucleation stage by significantly speeding up the 
nucleation process by outcompeting the DNA-brick-only 
nucleation, particularly at relatively higher temperatures. We 
therefore propose two hypotheses: (1) the range of optimal 
isothermal assembly temperatures of DNA brick structures in 
seeded assembly strategy can be extended (Figure 1d) in 
comparison to the conventional brick assembly strategy since the 
free-energy barrier to nucleation greatly depends on 
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temperature;[6a] and (2) the formation of the final assembled 
structures can be significantly accelerated in seeded assembly of 
DNA bricks (Figure 1e). To test the seeded assembly strategy and 
verify our hypotheses, four representative DNA brick structures 
were tested experimentally, and the results were in agreement 
with computer simulations.  
 
Figure 1. Schematic illustrations comparing conventional DNA brick assembly 
and the seeded assembly. a) In the DNA brick assembly strategy, the nucleation 
phase is slow and uncontrolled. b) In the seeded self-assembly strategy, a “seed” 
strand is used to trigger the rapid and controlled nucleation process and thus 
accelerate the entire assembly process. c) A schematic illustration of the 
reduction in energy of the critical nucleus along the nucleation pathway of the 
seeded strategy. d) and e) our hypotheses: by controlling and accelerating the 
nucleation, the seeded assembly is expected to initiate assembly at higher 
temperatures and boost the assembly kinetics. 
Results and Discussion 
The four representative 2D and 3D DNA brick structures were first 
designed using the conventional DNA brick method in caDNAno: 
a small 2D 9H×10T-triangle, a small 2D 9H×10T-rectangle, a 
large 2D 16H×20T-rectangle, and a large 3D 6H×4H×208B-rod 
(H: helix; T: tile; B: base pair).[9] Then, to generate the seeded 
designs, a “seed” strand (P425, comprising 425 nt) was added 
into these models (Figure S1) to replace the following: (i) 10 brick 
strands of total length 210 nt on the bottom edge of the small 2D 
9H×10T-triangle and 9H×10T-rectangle, (ii) 20 brick strands of 
total length 420 nt on the bottom edge of the large 2D 16H×20T-
rectangle, (iii) 15 brick strands of total length 416 nt on one face 
of the large 3D 6H×4H×208B-rod. The seed strand contributes 
10%, 6.5%, 3.2% and 4.1% mass to the complete small triangle, 
small rectangle, large rectangle, and large 3D rod, respectively. 
The sizes of DNA bricks and the target structures are shown in 
Figure S1. The P425 seed strand was excised from a 7308-nt 
m13 phage DNA. Methods and protocols for the P425 preparation 
and the assembly of DNA structures are included in the 
Supporting information, and details of the magnesium ion 
concentration used and how it was optimized are shown in 
Figures S2, S7 and S14 and section S3.1 of the SI.  
 
Figure 2. a,b) Schematics and AFM images of the 9H×10T-triangle and the 
9H×10T-rectangle. c-d, Product yields after annealing the 2D structures at 
different temperatures using the 20-hour isothermal annealing protocol. e-f) 
Assembly kinetics were studied by analyzing product yields over a range of time 
points from 5 min to 24 hours at three isothermal assembly temperatures: 46 oC, 
48.5 oC, 50.3 oC. All the scale bars are 100 nm. 
The seeded assembly strategy was firstly tested with the small 
9H×10T-triangle and 9H×10T-rectangle by comparing the 
isothermal assembly temperature and kinetics between the 
conventional brick assembly strategy and the seeded assembly 
strategy (Figure 2). The isothermal assembly of the 9H×10T-
triangle and 9H×10T-rectangle was performed at temperatures 
from 40 °C to 56 °C for 20 hours (Figure 2c and 2d). By comparing 
the product yields from gel electrophoresis assays (details of yield 
analysis are included in Figure S3, Table S1 and sections S3.3 of 
the Supporting Information), we found the seeded assembly 
strategy significantly increased the optimal assembly temperature 
by ~5 °C for both the triangle and rectangle structures (see details 
given in Table S1), with the highest assembly temperature 
approaching 54-55 °C, compared to below 50 °C for the 
corresponding non-seeded DNA brick products. The successful 
assembly of the 9H×10T-triangle and 9H×10T-rectangle with 
expected morphologies was confirmed by AFM imaging on the 
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yields in the agarose gels (Figure 2a and 2b). The different 
assembly temperature profiles between the brick strategy and the 
seeded assembly strategy were also observed by monitoring the 
real-time fluorescence signal variation versus temperature during 
a thermal annealing process (Figure S4). Therefore, these results 
strongly suggest that the introduction of the seed strand had 
broadened and elevated the assembly temperatures for DNA 
brick structures. To further examine the seeded assembly, 
especially at the early stages of the assembly, we also studied the 
assembly kinetics by analyzing the complete product yields at 
different time points under different isothermal annealing 
temperatures (Figure 2e and 2f; gel electrophoresis results are 
included in Figure S5 and S6). We observed the first appearance 
of the fully assembled products in the seeded assembly at much 
earlier time points than in the conventional brick strategy, which 
showed only smearing at the same time points. This further 
analysis showed that the seeded assembly exhibited accelerated 
kinetics compared to conventional brick assembly before 
reaching the equilibrium stages (maximum yields of the target 
structure). 
 
Figure 3. a) Schematics and AFM images of the 16H×20T-rectangle. b) Experimental comparison of the yields of the DNA brick assembly and the seeded assembly 
using 48-hour isothermal assembly. c) The size of the largest correctly formed clusters from fixed-temperature Monte Carlo simulations as a function of isothermal 
assembly temperature via two strategies. Each data point represents the average of 10 independent simulations in the long-time limit and error bars show the SD. 
d) Experimental product yields as a function of isothermal assembly time at 46.5 oC, 48.5 oC and 50.3 oC. e) A comparison of assembly as a function of Monte Carlo 
time in simulations of seeded and unseeded assembly at 37 oC. Vertical jumps in cluster size correspond to the merging of clusters rather than the addition of 
individual DNA bricks to the largest cluster in the system. f) Schematic to illustrate the path of nucleation and growth starting from the seed side at 52 oC by using a 
biotin-streptavidin modification on seed side to label the partially assembled products taken from an initial reaction time of 4 hours. g) AFM images of partially 
assembled structures from 4 hours at 52 oC using the seeded assembly strategy with arrows highlighting the biotin-streptavidin modification on the seed side. All 
the scale bars in AFM images are 100 nm.  
To test the seeded assembly strategy more thoroughly, we 
investigated the effects of seed strand in the assembly of the 
16H×20T-rectangle, which is about 4 times the size of the small 
rectangle structure. When comparing the isothermal assembly 
temperatures, an increase of the optimized temperature of ~4 °C 
was observed in the seeded assembly strategy compared to the 
conventional approach (Figure 3b, Figure S8 and Table S1). In 
thermal annealing experiments, we also observed that seeded 
assembly produced the rectangle structures at higher 
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more microscopic insight into the self-assembly process, we 
performed coarse-grained Monte Carlo simulations of this large 
2D structure both with and without a seed strand in simulations 
with a single copy of the target structure. We show in Figure 3c 
the mean size of the largest cluster in the system as a function of 
temperature in the limit of long times. Although in single-target 
simulations, the depletion effect is rather more pronounced than 
in bulk experiments,[6b] the behavior of these curves mirrors that 
of Figure 3b, with the largest mean cluster size achieved at a 
higher temperature for systems in which a seed molecule was 
present. Seed strands lower the free-energy barrier to nucleation 
and affect the nucleation behavior itself.[6b, 6c] An analysis of mean 
first-passage times, assuming all remaining terms in the 
expression for the rate are unchanged,[6b] shows a reduction of 
the height of the nucleation free-energy barrier by 2.0 kBT at 37oC 
when the seed strand is introduced into the system. These 
simulations thus support our hypothesis: the spontaneous 
nucleation process of DNA bricks is slow and involves thermal 
fluctuations that overcome a temperature-dependent free-energy 
barrier.[7] At high temperatures, nucleation cannot occur at 
experimentally reasonable time scales and no product is 
formed.[6c] By contrast, when the P425 seed is included in the 
reaction mixture, nucleation involving this strand can occur much 
more readily at higher temperatures, since the strand has longer 
continuous complementary sections with its neighbours, which 
allows for favourable bonding without incurring a significant 
entropic penalty. Since the strand is connected to many other 
molecules in the target structure, it can then act as a template for 
growth, changing the self-assembly pathway.[6a, 6c] The higher the 
temperature at which assembly can occur, the less likely is the 
formation of incorrect base-pairs, which can then frustrate the 
subsequent formation of the target structure.[7] Maximum yields 
can therefore most readily be achieved if we can shift nucleation 
to occur at higher temperatures. Although the nucleation free-
energy barrier can be overcome at lower temperatures, kinetic 
aggregates due to incorrect bonding of clusters become 
increasingly more likely to occur,[6a, 7, 10] leading to a decrease in 
yields in both strategies as the temperature is decreased (Figure 
3c; see Figure S10). 
We choose three temperatures, 46.5 oC, 48.5 oC, 50.3 oC, to study 
the assembly kinetics for the large 2D rectangle structure. 
Compared with unseeded brick assembly, both the initial and the 
overall rate of assembly were faster for seeded assembly (Figure 
3d; Figure S11). We also use Monte Carlo simulations to 
investigate the assembly kinetics from monomers for both 
systems (Figure 3e). At 37 oC, the seeded structure is able to 
assemble nearly to completion in a considerably shorter time than 
the unseeded analogue. Although growth is somewhat faster for 
the seeded structure, the primary reason for this behaviour is that 
the remainder of the structure grows atop the seed molecule and 
no lead-in time is required for homogeneous nucleation to occur. 
By contrast, in the unseeded case, a thermal fluctuation is 
required to overcome the nucleation free-energy barrier, which 
limits the rate of self-assembly, as we hypothesised in Figure 1 
and b. The faster kinetics of the seeded assembly strongly 
suggested that the nucleation stage was dominated by the 
seeded nucleation, and the subsequent growth of DNA bricks 
should largely follow the pathways guided by the seeds. To 
validate this conclusion, we investigated the seeded assembly 
pathways of the 16H×20T-rectangle experimentally at 52 °C. In 
order to test whether nucleation primarily occurs at the seed 
molecule, we labelled two bricks – one on and one adjacent to the 
seed-side edge – with a biotin modification. When hybridized, the 
two labelled bricks can capture streptavidin, as illustrated in 
Figure 3f. The products obtained from three representative time 
points (4 h, 24 h and 48 h) were isolated and then incubated with 
streptavidin. In order to extract both incomplete and complete 
structures for subsequent AFM characterization, we ran gel 
electrophoresis and cut the gel roughly around the target band. 
We observed that after 4 h almost all the recognizable structures 
were incomplete with obvious streptavidin-label (Figure 3g), and 
after 24 h some fully formed structures appeared alongside many 
streptavidin-labelled incomplete structures. Finally, after 48 h, the 
majority of products were fully formed structures, and there were 
only relatively few incomplete structures present (Figure S12a). 
Of these incomplete structures, 82-88% have a streptavidin label 
(Figure S12b), and all of them appear to have slender rectangle-
like morphologies with missing fragments located on the side 
opposite that of the seed molecule. Considering the typical 
successful streptavidin labelling results in a 91-93% success rate 
(Figure S12b), these findings confirm that nucleation and growth 
do indeed start at the seed strand at 52 oC when a seed molecule 
is present. We obtained similar results at 46.5 oC, even though 
spontaneous nucleation is likely to be thermally accessible at this 
temperature (Figure S13). Under comparable conditions in 
simulations, we observe that overwhelmingly, the nucleation 
pathway begins along the seed strand (Figure S12c), confirming 
that the seed strand directs the entire self-assembly process by 
facilitating nucleation. 
We further expanded our study on the seeded assembly to the 
large 3D 6H×4H×208B-rod (Figure 4a). Firstly, the seeded 
assembly strategy showed an advantage of being able to 
assemble the rod structure at a relatively lower DNA 
concentration of 100 nM per strand compared to the 200 nM 
minimal concentration for the unseeded brick strategy under the 
same assembly condition (Figure S14), perhaps because the 
seed strand enables facile nucleation. The experimental assays 
and simulation analysis on the isothermal assembly also revealed 
significantly broadened and increased assembly temperatures for 
the seeded assembly vs the brick assembly (Figure 4b and c; 
Figure S15, Table S1). The products assembled at their 
respective optimized temperatures of brick assembly strategy and 
seeded assembly strategy (26 °C and 33 °C) were imaged by 
TEM after gel purification and the sizes matched well with the rod 
design as shown from different lateral projections of the cylindrical 
model (Figure S16). These experimental findings can again be 
supported by simulation results, where we can observe that at 
lower temperatures, clusters tend to bond incorrectly and 





aggregate together, since a number of nuclei can form 
simultaneously when the nucleation free-energy barrier is low. At 
somewhat higher temperatures, misbonding is less favourable 
and the nucleation free-energy barrier is sufficiently large to inhibit 
large-scale nucleation in the unseeded brick system. As a result, 
nucleation largely only occurs at the seed molecule, and seeded 
assembly results in a significantly larger number of assembled 
structures (Figure S17), both when a single target and when 
multiple targets are simulated (see Figure S18). In both simulation 
and experiment, seeded assembly leads to significantly faster 
nucleation kinetics (Figure 4d-g; Figure S18, S19). The 
advantages of the seeded assembly strategy in both rates of 
growth and the quality of the resulting product at higher 
temperatures are thus apparent for this large 3D structure as well.  
 
 
Figure 4. a) Schematics and TEM images of the 6H×4H×208B-rod. Scale bars are 100 nm. b) Experimental comparison of the assembly yields of the DNA brick 
assembly and the seeded assembly by annealing sample at different temperatures using 90-hour isothermal annealing. c) The size of the largest correctly formed 
cluster from fixed-temperature Monte Carlo simulations as a function of temperature for both seeded and unseeded systems. Each data point represents the average 
of 10 independent simulations in the long-time limit and error bars show the SD. d) and e) Experimental product yields as a function of isothermal assembly time at 
several temperatures. f) and g) A comparison of assembly as a function of Monte Carlo time in multi-target simulations of seeded and unseeded assembly at 27 oC.  
 
Finally, we studied the thermal stability of pre-assembled DNA 
structures both with and without seed molecules at elevated 
temperatures. First, large 2D and 3D structures were pre-
assembled via the two strategies at their corresponding optimized 
temperatures and used as a control. After 1-hour incubation at 
higher temperatures, we determined the residual target-band 
intensity ratio of these structures as a function of temperature. For 
the large 2D rectangle structure, the seeded structure begins to 
melt significantly at temperatures higher than those of the 
unseeded structure in both experiment and Monte Carlo 
simulation (Figure S20a to c), indicating that the seed strand 
provides a stronger protection for the structure, probably due to 
the decreased nick points (which weaken the base stacking 
interactions in the case of brick strategy) in its located helix, which 
may provide a kinetic barrier to the disassembly.[1m, 2b, 6b, 11] Unlike 
in the assembly process, the disassembly of pre-assembled 
structures appears to start at the opposite end of the structure, i.e. 
the one not protected by the seed strand (Figure S20d),[6b, 6c] while 
unseeded structures can disassemble from all sides 
simultaneously, speeding up the disassembly kinetics. This 
speculation is confirmed by simulation snapshots (inset of Figure 
S20b). For the 3D rod structure, there is a negligible difference in 
the disassembly behavior between the seeded and unseeded 
structures (Figure S21). Since the seed strand occupies only part 
of a single boundary face, its protective function is weaker than in 
the 2D structure, and so its effect on the kinetics of disassembly 
is reduced. Locally, the seed molecule’s interaction with its 
immediate neighbors are still favourable (Figure S21d, inset), so 
the disassembly of the immediate neighbours only takes place at 
higher temperatures on thermodynamic grounds. Hence, it seems 
that the designed location of this seed strand in the seeded 
assembly strategy plays a key role in maintaining the stability of 
the corresponding local structure and should be carefully 
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Nucleation is the first and perhaps the most important step in the 
DNA self-assembly process or protein polymerization.[12] The 
“seeded” assembly strategy we have proposed significantly 
affects the nucleation behavior even though only a small portion 
of the target structure is altered. We have demonstrated 
experimentally and using computer simulations that the addition 
of a long seed strand controls the kinetics of structure assembly. 
The seed strand leads to a reduced height of the nucleation free-
energy barrier, which in turn results in a broadened temperature 
range of successful self-assembly and a higher overall 
temperature at which self-assembly can occur. Such a higher 
assembly temperature reduces the propensity for incorrect 
assembly, which becomes a significant problem as the 
temperature is decreased; the larger the temperature gap 
between these regimes, the more successful the self-assembly 
process is like to be. Moreover, the location of the seed strand 
can affect the stability of the target structure: molecules at the 
outer faces of target structures are less likely to attach to the 
growing structure because their reduced connectivity reduces the 
energetic favourability of bonding, but the seed strand, with longer 
regions of complementarity between neighbours, helps to counter 
this effect. As a result, structures can form more fully at higher 
temperatures, and furthermore, they are less prone to 
disassembly as the system is heated. The proposed seeded 
assembly strategy provides a preferred assembly pathway 
starting from rapid nucleation at the seed strand outwards, leading 
to a greatly reduced assembly time compared to the conventional 
brick assembly strategy which usually requires long assembly 
times of dozens of hours or several days.[2b, 4, 13]  
By investigating the behavior of seeded assembly in detail, we 
have gained a deeper understanding for the assembly process of 
DNA brick structures and improved our ability to manipulate and 
control DNA brick systems. In future, we can potentially engineer 
more complex behaviors of DNA brick assembly. For instance, it 
is possible to introduce multiple seed strands in a DNA brick 
assembly. These seed strands can be purposefully designed to 
induce nuclei at different temperatures, which would allow us to 
control the assembly products by using different temperature 
profiles for the assembly. The multiple seed strands can also be 
programmed to produce different nuclei, leading to the formation 
of multiple controlled products in a single assembly process. 
Moreover, such an understanding will allow us to design rationally 
both complex and large DNA structures in the future with higher 
thermodynamic stability and rapid assembly rates, which is of 
particular importance in enabling further precise modifications of 
other functional species at the molecular scale to be made for 
many possible attractive applications. Considering the benefits 
brought about by DNA seed strand, we believe this improved 
strategy for DNA brick structure assembly may be particularly 
advantageous for the higher-level hierarchical assembly of DNA 
structures or the fabrication of dynamically transformable 
structures requiring structure units with superior complexity and 
thermal stability.[1j, 3b, 14] 
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Through experimental study and 
computer simulation, a “seeded-
assembly” strategy was developed to 
control the crucial nucleation and 
assembly pathway in DNA brick 
assembly by accelerating the 
assembly kinetics, lowing the free-
energy barrier to nucleation and 
increasing the optimal temperatures 
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